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Abstract
Within the framework of the classical theory of general relativity nothing remarkable is expected to happen to an observer
falling into a large black hole other than the curious circumstance that after the observer crosses a certain surface, the “event
horizon”, he can no longer communicate with the outside world. Although this prediction has been widely accepted in the
physics community, it is inconsistent with quantum mechanics because it conflicts with the need for a universal time to define
Schrödinger’s equation. It has been pointed out [Philos. Mag. B 281 (2001) 235, Int. J. Mod. Phys. A 18 (2003) 831] that this
inconsistency can be avoided if it is assumed that as the surface where general relativity predicts that the event horizon would
be located is approached, the redshift does not actually go to infinity, but instead undergoes a continous phase transition to
a de Sitter phase where the vacuum energy is much larger than the cosmological vacuum energy. Although we do not have
a fundamental theory of such a phase transition, many features of quantum phase transitions are universal. This universality
allows us to make predictions concerning the behavior of matter as it encounters the quantum critical region that replaces the
event horizon. One of these predictions is that the nucleons falling onto the critical surface will decay directly into multi-MeV
leptons and gamma rays with a characteristic spectrum. As it happens there are some hints from the spectra of cosmic gamma
ray bursts and observations of positrons from the center of our galaxy that this is correct.
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fluid model for spacetime, the event horizon of a clas-
sical black hole is replaced by a surface where the ve-
locity of sound vanishes. One could imagine creating
such a surface in the laboratory by supposing that a
Bose superfluid is confined in a vertical column. As a
result of the increasing pressure in the fluid as a func-
tion of depth it could happen that at a certain depth the
speed of sound vanishes. What is noteworthy about
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of sound waves near to the critical surface is both well
defined and, up to a certain distance z∗ from the criti-
cal surface, essentially indistinguishable from the clas-
sical behavior of light outside the event horizon of a
Schwarzschild black hole. This universality allows us
to predict that there are two effects in particular that
will be important for us. First, the frequency of the
waves will become a quadratic function of wave num-
ber as they approach the critical surface, and secondly
above a certain frequency Q0 the waves will become
unstable as they cross the critical surface.
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horizon of a compact astrophysical object can be
surmised from the evolution of the sound waves in
our thought experiment as they impinge on the critical
surface. It follows from the Schrödinger equation for
a superfluid that the dispersion relation for small
amplitude waves approaching a critical surface in a
superfluid will have the form
(1)h¯ωq =
√
(h¯νsq)2 +
(
h¯2q2
2m
)2
,
where νs is the velocity of sound in the superfluid
and m is a characteristic mass scale. In the case
of spacetime near to a massive compact object νs
corresponds to c(z/2Rg), where Rg = 2M/c2 is
the Schwarzschild radius. It follows from Eq. (1)
that when relativistic particles approach to within a
distance
(2)z∗ = 2Rg
√(
h¯ω/2mc2
)
,
from the event horizon surface they will begin to
behave like non-relativistic massive particles.
Of course, in order to address the question as to
how ordinary matter behaves as it approaches a quan-
tum critical surface we need a theory describing how
fermionic quasi-particles behave near to a quantum
critical point. Unfortunately, the behaviors of Fermi
surfaces and fermionic excitations near to a quantum
critical point are not well understood. In the case of
the onset of antiferromagnetism in heavy fermion ma-
terials there is direct experimental evidence that com-
posite fermions disappear right at a quantum critical
point [4]. Given that many aspects of the behavior of
quasi-particles near to a quantum critical point may
be universal, this may be a hint that nucleons falling
into the quantum critical surface associated with the
event horizon surface of a sufficiently compact astro-
physical object may also decay. Indeed, since particle
interactions near to an event horizon take place at ener-
gies near to the Planck scale, one might well imagine
that the interactions of the quarks and gluons falling
onto the critical surface of a compact object will be
baryon number violating. In particular, there are rea-
sons [5] for believing that quasi-particle interactions
near to a quantum critical point can be described by
non-Abelian gauge field interactions similar to those
prescribed by “unified” models of elementary interac-tions such as the Georgi–Glashow SU(5) theory [6]. A
generic feature of these unified gauge theories is that at
energies approaching the Planck scale the gauge medi-
ated interactions violate baryon number conservation.
Actually we expect that, in contrast with elemen-
tary particle interactions at laboratory energies, the in-
teractions of quarks and gluons inside nucleons ap-
proaching an event horizon will be dominated by
baryon number violating processes because whereas
the interaction cross-sections for ordinary elementary
particle processes are on the order g4/E2, where g
is the gauge coupling and E is the total center of
mass energy, the cross-sections for baryon violating
processes will be on the order g4E2/M4X , where MX
is the mass of the gauge boson associated with baryon
number violation. In the SU(5) model the X bosons
can have charge ±4/3 or ±1/3. Therefore as nucle-
ons approach the critical surface the dominant decay
processes for constituent quarks will be:
(3)u(2/3) → e(+1)+ u¯(−2/3)+ d¯(1/3),
and
(4)d(−1/3) → e(+1)+ 2u¯(−2/3).
Thus we see nucleons can decay as they cross the
quantum critical region. It is interesting that at least
in the SU(5) model positron emission is favored over
electrons. However, gamma rays are also produced via
gluon decays and production of neutral pions.
As a result of the baryon number violating decays
quarks and gluons crossing the quantum critical region
will have a universal lifetime of the form
(5)1/τ  (h¯ω2)/(mc2).
Because of the ω2 dependence, the decay rate (5) will
be fastest for those constituent particles with the high-
est intrinsic energies; i.e., the quarks and gluons in-
side nucleons. Because the critical region has a finite
thickness, cf. Eq. (2), there will be a critical frequency
Q0 below which elementary particles will have only a
small probability of decaying as they cross the critical
region, but above which the elementary particles will
most likely decay as they cross the critical region (see
Fig. 1).
In order of magnitude this cutoff frequency Q0 =√
(M0m/MmP) · 100 MeV, where M = c2Rg/2G is
the mass inside Schwarzschild radius Rg , M is a
10 J. Barbieri, G. Chapline / Physics Letters B 590 (2004) 8–12Fig. 1. Nucleons in Lorentz compressed matter will be converted
into leptons and γ rays via universal beta decay-like interactions
when they approach within a certain distance z∗ from a surface
where classical general relativity would have predicted there would
be an event horizon.
solar mass, and mP is the Planck mass. Assuming
that Q0 is below the characteristic frequencies of the
quarks and gluons inside nucleons, i.e., ∼ 100 MeV,
then a collapsing star will begin to generate high
energy leptons and γ rays if the mass of the mass
of the collapsing core is sufficiently large, so that a
quantum critical region forms in the interior of the
star. In particular, this should be the case for type II
supernovae such as SN1987A where a “black hole”
formed [8]. In a similar way, when the matter falling
onto a massive compact object approaches to within
the critical distance z∗ from the event horizon, baryon
violating decays will begin to convert the matter
into leptons and γ rays. In either case high energy
leptons and gamma rays will be generated near the
event horizon surface predicted by classical general
relativity.
In the rest frame of either a star undergoing gravi-
tational collapse or an already existing compact object
the decays [3,4] will result in a characteristic decay
spectrum analogous to that for beta decay. For a single
incoming massless particle with frequency ω the en-
ergy spectrum of particles produced in the backward
direction (θ = 0) will have the universal form [1]:
(6)dN
dΩ dω′ =
27
16π2ω
√
3
ω′
ω
[
1 − 3ω
′
ω
− 2
√
ω′
ω
]
,
where ω′ is the observed frequency. The actual spec-
trum of leptons and gamma rays that would be pro-
duced from nucleons falling onto a critical surface can
be estimated by convoluting the single frequency spec-
trum (6) with the parton distribution function for con-stituent quarks and gluons. Since the quarks and glu-
ons inside a nucleon are not free particles this distri-
bution will depend on the typical momentum transfer
of the decays, which near to the critical surface is on
the order of the Planck scale. The relevant parton dis-
tribution function for our purposes can be obtained by
using the Altarelli–Parisi equations [7] to extrapolate
the parton distribution function measured at laboratory
energies to the Planck scale. The result of convoluting
this parton distribution with the single particle decay
spectrum (6) is shown in Figs. 2, 3, and 4. Also shown
are the “prompt” γ spectra for GRB 990123 [9] and
the spectra from GRB 940217 [10] whose cosmolog-
ical redshifts are known. The γ ray spectra for GRB
920622 has also been included, however, the cosmo-
logical redshift is not well known [11]. Since our the-
oretical spectrum applies in the rest frame of the col-
lapsing star or compact object, comparison of our nu-
cleon decay spectrum with observations of gamma ra-
diation from distant bursts requires a correction for the
expansion of the universe.
The similarity between the simple universal decay
spectrum for baryon number violating decays of a nu-
cleon and the GRB spectra is certainly remarkable.
Our decay spectrum is not a prediction for gamma ray
emission since we have completely neglected the sec-
ondary processes in which the leptons produced by
nucleon decay will lose energy and produce gamma
rays. Our aim here is to simply qualitatively compare
a source spectrum due to nucleon decay with what is
observed. To our knowledge there is at the present time
no plausible explanation for what generates the rel-
ativistic particles which produce cosmic gamma ray
bursts.
Of course, in a collapsing star particles produced at
a surface inside the star may not be able to penetrate
to the surface. Thus the gamma rays that one sees
may not be directly the result of nucleon decays
producing a backward directed lepton or gamma
as shown in Fig. 1. Instead the gamma rays that
are observed may be the result of nucleon decay
products guided parallel to the critical surface and
emerging along the rotation axis where a relativistic
jet has punched a hole in the surrounding material.
In the absence of significant electromagnetic induction
effects the energy spectrum of the leptons that would
emerge along the rotation axes would be similar to
the curves shown in Figs. 2, 3, and 4, though perhaps
J. Barbieri, G. Chapline / Physics Letters B 590 (2004) 8–12 11Fig. 2. Curves show the result of convoluting the simple decay spectrum, (6), with the measured nucleon parton distribution function extrapolated
to a TeV (solid curve) and the Planck mass (dashed curve), where the cutoff Q0 was chosen to be 30 MeV, corresponding to a collapsed mass
on the order of M = 10M. The dots show the intensity of prompt gamma rays as a function of gamma ray energy for the prompt burst of GRB
990123 [9]. The source was assumed to have a redshift of z = 1.7.
Fig. 3. The curves are the same as Fig. 2 except the redshift was chosen to be z = 0.27. The dots show the intensity for GRB 940217 [10].degraded in energy due to additional interactions.
Actually the similarity of the observed spectra to the
simple decay spectrum suggests that electromagnetic
induction effects may not be important.
It follows from our estimate of the cutoff frequency
Q0 that matter falling onto the critical surface of a
massive compact object such as thought to exist at thecenter of “active” galaxies will have a much larger
fraction of its rest mass converted into leptons and
γ rays than a star undergoing gravitational collapse.
Nevertheless gravitational collapse of a star should
still produce a significant amount of energy in the form
of leptons and gamma rays; indeed, this might be the
explanation for type II supernovae like SN1987A. In
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ing that even a small flux of nucleons onto the surface
would be a source of high energy positrons injected
into the interstellar medium. Thus the hypothesis of
nucleon decay provides a special motivation for look-
ing for positron emission from the massive compact
objects thought to inhabit the centers of many galax-
ies. In fact, in the case of our own galaxy, there is al-
ready some evidence [12,13], that a compact central
object generates positrons.
In summary, regarding spacetime as a superfluid
not only resolves some of the long-standing paradoxes
of classical general relativity, but provides an entirely
new perspective on astrophysical phenomena where
general relativity predicts that a “black hole” would
be formed. In the superfluid picture the classical event
horizon is replaced by a quantum critical region. Re-
lying on the universality of behavior near to quantum
critical points leads to a prediction that nucleons will
decay as they approach the quantum critical region that
replaces an event horizon. This prediction may explain
the enigmatic source of the relativistic particles re-
sponsible for gamma ray bursts, as well positron emis-
sion from the center of our galaxy. More generally, we
can look forward to using astrophysical observations
to study physics at the Planck scale.Acknowledgements
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